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Kaposi’s sarcoma-associated herpesvirus (KSHV) is a B-lymphotropic herpesvirus strongly linked to both
lymphoproliferative diseases and Kaposi’s sarcoma. The viral latency program of KSHV is central to persistent
infection and plays important roles in the pathogenesis of KSHV-related tumors. Up to six polypeptides and 18
microRNAs are known to be expressed in latency, but it is unclear if all major latency genes have been identified.
Here, we have employed array-based transcript profiling and limiting-dilution reverse transcription-PCR (RT-
PCR) methodologies to explore this issue in several KSHV-infected cell lines. Our results show that RNAs encoding
the K1 protein are found at low levels in most latently infected cell lines. The gene encoding v-IL-6 is also expressed
as a latent transcript in some contexts. Both genes encode powerful signaling molecules with particular relevance
to B cell biology: K1 mimics signaling through the B cell receptor, and v-IL-6 promotes B cell survival. These data
resolve earlier controversies about K1 and v-IL-6 expression and indicate that, in addition to core latency genes,
some transcripts can be expressed in KSHV latency in a context-dependent manner.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also called
human herpesvirus 8, is a B-lymphotropic herpesvirus that is
strongly linked to several human tumors (see reference 25 for a
review). These include Kaposi’s sarcoma (KS), which is an endo-
thelial neoplasm (9), and tumors associated with two B-lympho-
proliferative diseases, primary effusion lymphoma (PEL) (7) and
multicentric Castleman’s disease (MCD) (57). Like all herpes-
viruses, KSHV has two distinct genetic programs, latency and
lytic replication. In latency, viral gene expression is heavily
restricted, with only a few KSHV genes being transcribed; the
viral genome is maintained as a nuclear plasmid, no viral prog-
eny are produced, and the host cell survives. In contrast, in lytic
infection all the viral genes are expressed, in a temporally
regulated cascade. Viral DNA is extensively replicated, and
progeny virions are assembled and released, with concomitant
death of the host cell. Because they retain the full complement
of viral genes, cells that are latently infected can “switch” to the
lytic program upon receipt of appropriate stimuli.

Both cycles are essential to viral propagation and mainte-
nance in the population. Lytic replication, of course, generates
the virus that is required for spread from cell to cell and person
to person. Latency ensures viral persistence in infected hosts,
providing a lifetime of opportunities for lytic reactivation and
spread. In addition, latency is thought to play an important role
in herpesviral tumorigenesis. In Epstein-Barr virus (EBV), the
latency program is strongly immortalizing and plays a key role

in triggering EBV-related lymphomas (33). In KSHV, al-
though latency is not powerfully immortalizing in vitro, the
latency program is on in all PEL cells and the vast majority of
endothelial tumor cells (“spindle cells”) in advanced KS le-
sions (16, 54, 59). One latent viral protein, v-FLIP, is critical
for the survival of PEL cells (28) and for the characteristic
spindle-like morphology of KS tumor cells (27), via upregula-
tion of NF-�B (12, 22). Other latent proteins include (i)
LANA, known to be important for viral genomic persistence
(1, 2, 14), for upregulation of ß-catenin (24), and for inhibition
of p53 (23) and Rb (50), (ii) v-Cyc, a viral homolog of cyclin D
(10, 41), and (iii) kaposins A, B, and C, a family of polypep-
tides that are active in signal transduction (43, 45, 52). In B
cells (but not in endothelial cells), another protein, v-IRF3
(aka LANA-2), is also produced in latency and inhibits induc-
tion of type I interferons and the function of p53 (51). Twelve
pre-microRNAs (pre-miRNAs) are also encoded in the latency
program; these are processed to generate 18 mature miRNAs
(5, 53, 61).

Although there is general agreement about the assignment
of the above-mentioned genes to the latency program (17),
there has been considerable debate about whether additional
loci might also be expressed in latency. Particular controversy
has surrounded 3 loci: K1, K2 (v-IL-6), and K15. K1 and K15
aroused early interest because both are transmembrane signal-
ing molecules that are located at the left and right hand termini
(respectively) of the linear viral genome (32). In both herpes-
virus saimiri (HVS) and EBV, genes at these genomic posi-
tions encode important signaling molecules that have been
shown to have a role in lymphoproliferation (15, 32), and in
EBV, both of the syntenic loci (LMP1 and LMP2) are known
latent genes (33). LMP2 and K1 both mimic aspects of signal-
ing through the B cell antigen receptor (15, 36, 39), and LMP1
and K15 both bind TNF receptor-associated factors (TRAFs)

* Corresponding author. Mailing address: Howard Hughes Medical
Institute and G. W. Hooper Foundation, Departments of Microbiology
and Medicine, University of California, 513 Parnassus Ave., San Fran-
cisco, CA 94143-0552. Phone: (415) 476-2826. Fax: (415) 476-0939.
E-mail: don.ganem@ucsf.edu.

† Supplemental material for this article may be found at http://jvi
.asm.org/.

� Published ahead of print on 10 March 2010.

5565



and activate NF-�B (4, 64). However, in many KSHV-infected
cell lines, K1 is expressed at very low levels and is also clearly
induced during lytic replication (35). Since most latently in-
fected populations harbor a variable subpopulation of lytically
induced cells, it has been difficult to determine if the occasional
detection of low levels of K1 mRNA in uninduced populations
is due to authentic latent expression or to the subpopulation of
lytically infected cells; in recent years, the consensus in the field
has favored the latter interpretation. K15, once named LAMP
(for latency-associated membrane protein), is also currently
held to be a lytic gene for similar reasons. The KSHV K2 gene
encodes v-IL-6, a viral homolog of interleukin-6 (IL-6), which
is a major proinflammatory cytokine with additional important
effects on B cell survival and growth (11). Like K15, the K2
gene is strongly induced during lytic KSHV replication and is
present at low levels in uninduced cell lines (46). Some anal-
yses (6, 30, 48) have favored classifying it as a lytic gene, while
others (47) suggest that it can be expressed in some PEL cells
that do not stain for lytic markers, though these cells repre-
sented only 5% of all LANA� cells. Most recent reviews,
however, have not included v-IL-6 on the list of known
latent genes (19, 25, 29, 31).

Here, we have revisited the question of which viral genes are
expressed in latency, using several different approaches. First,
we generated latently infected cells by KSHV infection of
several different cell lines, including cells of endothelial and
mesenchymal lineages. Two of these lines displayed very low
levels of spontaneous lytic reactivation; array-based transcript
profiling in these cells revealed consistent expression of the K1
gene. One of two stably latent lines also expresses transcripts
from both strands of the K2/v-IL-6 gene in uninduced cells.
Expression of these genes in latency was confirmed by a lim-
iting-dilution reverse transcription-PCR (RT-PCR) assay.
These results resolve earlier controversies about the expression
of the K1 gene and clearly indicate that v-IL-6 can also be
expressed in latency in some contexts. Moreover, they affirm
that the latency program, while containing a set of core genes
whose expression is invariant, can also include other genes
whose expression depends upon the cellular context.

MATERIALS AND METHODS

Tissue culture, virus preparation, and infection. HFF (human foreskin fibro-
blast) cells were obtained from the ATCC (CRL-2522) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). SLK cells were cultured in DMEM with 10% FBS. BJAB and BCBL-1
cells were cultured in RPMI medium supplemented with 10% FBS, 55uM beta-
mercaptoethanol, and 2 mM glutamine. TIME cells were cultured as previously
described (62). Stable SLK.219 and HFF.219 cells were constructed by infecting
SLK cells with rKSHV.219 produced from Vero cells harboring the recombinant
virus (courtesy of J. Vieira) and SLK.219 cells, respectively. SLK.219 cells were
induced to enter lytic replication with 1.2 mM valproic acid (VA) and AdRTA
(adenovirus harboring the ORF50 cDNA).

Flow cytometry. SLK and TIME cells were subjected to flow cytometric anal-
ysis to detect expression of green fluorescent protein (GFP) and red fluorescent
protein (RFP). Cells were analyzed using a FACSCalibur (BD Biosciences), and
the resulting data were analyzed using FlowJo. Cells were prepared for flow
cytometric analysis by trypsinization to harvest the cells, followed by a 5� fixation
period with 2% paraformaldehyde.

RNA preparation. HFF and SLK cell samples were harvested in RLT buffer,
and RNA was isolated using an RNeasy minikit according to the manufacturer’s
protocol (Qiagen). BJAB and BCBL-1 samples were harvested in RNA-Bee
solution, and RNA was isolated according to the manufacturer’s protocol
(Tel-Test, Inc.). BJAB and BCBL-1 RNAs that were subject to microarray

analysis were then repurified using the RNeasy minikit according to the
manufacturer’s protocol (Qiagen); RNAs that were subjected to Northern
analysis were used without further purification. Poly(A)-enriched RNAs were
made using an Oligotex mRNA midi kit according to the manufacturer’s
protocol (Qiagen).

KSHV tiling microarray construction, sample labeling, and microarray hy-
bridization. The KSHV genome sequence used for the microarray design was
obtained from GenBank accession number U75698.1. Thirteen thousand seven
hundred forty-six 60-mer KSHV-specific oligonucleotide probes were printed in
duplicate using Agilent technology. Each probe overlapped a neighboring probe
by 40 nucleotides (nt), resulting in a tiling design with probes offset by 20
nucleotides. Probes were designed from sequences of both strands of the ge-
nome. The custom tiling microarray also contained control probes (approxi-
mately 1,500) and probes detecting host transcripts (approximately 16,311). This
custom KSHV tiling microarray can be obtained from Agilent using the custom
design identification number 017577.

Total RNA from the experimental samples was purified as indicated above.
The reference RNA was a mixture of RNAs of both infected and uninfected
cells, including TIME, HUVEC, BJAB, BCBL-1, and SLK cells. The integrity of
the RNAs was analyzed using a model 2100 Bioanalyzer (Agilent), or the RNAs
were analyzed using conventional formaldehyde-agarose gel electrophoresis and
staining. RNAs were quantified using an ND1000 spectrophotometer (Nano-
drop). A Quick Amp labeling kit (Agilent) was used according to the man-
ufacturer’s protocol to generate labeled cRNA from 450 ng of total RNA.
Experimental samples were labeled with Cy5, and reference samples were
labeled with Cy3 and then competitively hybridized to the custom KSHV
tiling microarray according to the manufacturer’s protocol for the whole
human genome oligonucleotide microarrays (Agilent). Hybridized microar-
rays were washed according to the manufacturer’s protocol (Agilent) and
scanned with a GenePix 4000B scanner (Axon Instruments) and all feature
intensities collected using GenePix Pro 6.0 software. TIFF images of scanned
slides were analyzed using Feature Extraction Software, version 9.5.3 (Agi-
lent), using a custom grid file (017577_D_F_20070822). All reported raw mi-
croarray data are MIAME (minimum information about a microarray experi-
ment) compliant and are stored in NCBI’s Gene Expression Omnibus (GEO)
(21), accessible through GEO accession number GSE20443 (http://www.ncbi.nlm
.nih.gov/geo/query/acc.cgi?acc�GSE20443). Processed data are also provided as
information file S1 (best viewed with Java Treeview) in the supplemental mate-
rial.

Cell dilution and qRT-PCR. Duplicate 2-fold serial dilutions of SLK.219 cells
were made, starting with approximately 1,500 cells in the 1st dilution and ap-
proximately 3 cells in the 10th dilution. The cell dilutions were deposited in
individual wells of a 96-well tissue culture plate. Three hours after plating, cells
were gently washed with phosphate-buffered saline (PBS) and then lysed with
Cells-to-CT lysis buffer (AM1724; Ambion) according to the manufacturer’s
protocol. The lysis reactions were stopped by the addition of stop buffer con-
taining a control RNA, XenoRNA (4386996; Ambion). RNA lysates from each
dilution were subjected to gene-specific RT using a high-capacity cDNA reverse
transcription kit (4374966; Applied Biosystems). cDNAs were used as templates
for TaqMan quantitative PCR (qPCR) analysis. (The sequences of the gene-
specific RT primers and the primer-probe sets [used for qPCR] are provided in
information file S2 in the supplemental material.) If a threshold cycle (CT) value
for a specific gene could not be determined for either of the duplicate qPCRs, the
transcript was considered below the detection limit. All data are presented as 40
minus the average CT value.

Northern blotting. Poly(A)-enriched RNAs (200 ng) were resolved by form-
aldehyde-agarose gel electrophoresis in MOPS (morpholinepropanesulfonic
acid) buffer. Resolved RNAs were transferred to a Nytran SuPerCharge mem-
brane according to the Turboblotter manufacturer’s protocol (Whatman, Schlei-
cher & Schuell). Membranes were UV cross-linked using a UV Stratalinker 2400
(Stratagene). Membranes were prehybridized using ULTRAhyb buffer (Am-
bion) at 65°C for more than 1 h. [32P]UTP-labeled riboprobes were generated
by performing T3 or T7 in vitro transcription reactions (Ambion), using PCR
templates. PCR products, using T3/T7-linked primers spanning specific re-
gions of the KSHV genome (K1 primers [TAATACGACTCACTATAGGG
AATGCATCCTTGCCAATATCC and AATTAACCCTCACTAAAGGGAT
TTCATTTCGTCCGTTTGGT] and v-IL-6 primers [TAATACGACTCACT
ATAGGGACCCGCAGTGATCAGTATCGT and AATTAACCCTCACTA
AAGGGATAGTGTATGCCGCGTTAGCA]), served as templates for these
transcription reactions. Labeled riboprobes were hybridized to the membranes
in ULTRAhyb buffer at 65°C for approximately 16 h. Membranes were first
washed two times with 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.1% SDS at 65°C for 5 min. Then, the membranes were washed in a
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high-stringency buffer (0.2� SSC, 0.1% SDS) for various amounts of time at
65°C. The length of time was empirically determined for each probe such that the
wash conditions resulted in minimal nonspecific hybridization. Blots were ex-
posed to phosphor storage screens (GE Healthcare). Screens were analyzed
using a Storm 860 scanner (Molecular Dynamics).

3� RACE. 3� rapid amplification of cDNA ends (3� RACE) analysis for deter-
mination of the 3� end of K1 was performed using a RLM-RACE kit according
to the manufacturer’s protocol (Ambion). 3� RACE was performed on poly(A)-
enriched RNA from BCBL-1, BCBL-1 induced with 600 �M valproic acid, and
iSLK.219 induced with doxycycline for 48 h. The 5� upstream-gene-specific
primer used for PCR was SC-535 (TTGCCCATTGTCAAAAACAA). All the
reactions revealed the same splice and 3� end, indicated in Fig. 5; however, the
genomic sequences for the K1-ORF4 region are different in KSHV of BCBL-1
and rKSHV.219 (a derivative of KSHV of JSC-1 cells). To simplify reporting of the
newly identified splice site and 3� end (which are identical in BCBL-1 cells and in
iSLK.219 cells), these important sequence elements are transposed on the KSHV
sequence (GenBank accession number U75698.1) and presented in Fig. 5.

RESULTS

Generation of stably infected cells with low spontaneous-
reactivation rate. The central difficulty in determining the la-
tency status of genes that are also induced during lytic repli-
cation is contamination of the pool of uninduced RNAs with
transcripts emanating from the subpopulation of cells under-
going spontaneous lytic reactivation. To bypass this problem,
we examined two cell lines that we empirically discovered to
display very low levels of spontaneous lytic reactivation upon
KSHV infection: human foreskin fibroblasts (HFF) and SLK
endothelial cells. We derived stably latent cell lines from each
cell type by infection with rKSHV.219, a recombinant KSHV-

bearing a puromycin resistance locus, which allowed selec-
tion of puromycin-resistant mass cultures (63). In addition,
rKSHV.219 harbors a constitutively expressed GFP gene as well
as an RFP locus under the control of the lytic PAN promoter.
Cells latently infected by rKSHV.219 are GFP positive but lack
RFP expression; when lytic replication is induced, productively
induced cells rapidly become RFP�.

Both lines display very low levels of RFP spontaneously; Fig.
1 shows the data for SLK.219 cells. As can be seen, only 0.22%
of uninduced SLK.219 cells displayed RFP expression as deter-
mined by flow cytometry, and culture supernatants from these
cells had virtually no infectivity (as revealed by the ability to
transduce GFP expression to naïve TIME cells) (Fig. 1). Follow-
ing lytic induction (here, by exposure to valproate and an adeno-
virus expressing the KSHV lytic switch protein, RTA), 44% of the
cells expressed RFP and supernatants of these cells efficiently
transduced the GFP marker into naïve TIME cells. HFF cells had
similarly low levels of basal RFP expression but also generated
infectious virus upon induction (data not shown). This indicates
that the strict restriction on lytic gene expression in the ground
state was not the result of any defect in these cells but a reflection
of authentic, reversible latency.

Transcriptome analysis by tiling microarray. To examine
the patterns of KSHV gene expression in these latent popula-
tions, we constructed a custom DNA array that tiles across the
KSHV genome using synthetic 60-mer oligonucleotides, each
oligonucleotide offset from its neighbor by a 20-bp interval (S.

FIG. 1. SLK.219 cells produce infectious virus. SLK.219 cells were either mock treated or induced to enter lytic replication with 1.2 mM valproic
acid (VA) and AdRTA (adenovirus harboring the ORF50 cDNA). Reactivated cells express RFP. Extent of reactivation was measured using
fluorescence-activated cell sorting (FACS) analysis. Only VA/AdRTA-treated SLK.219 cells display substantial reactivation. Virus in the super-
natants of the mock- and VA/AdRTA-treated SLK.219 cells was concentrated by centrifugation, resuspended in TIME cell medium, and then used
to infect TIME cells. The rKSHV.219 virus harbors a constitutively expressed GFP gene. Infected TIME cells are detected by measuring GFP
fluorescence after receiving SLK.219-derived virus.
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Chandriani, Y. Xu, and D. Ganem, submitted for publication).
The arrayed oligonucleotides span the entire 137.5 kb of
unique genomic DNA but do not include the terminal repeats,
which are 85% G�C and are therefore likely to hybridize
nonspecifically to many sequences. Tiling oligonucleotides
were derived from the sequences of both strands of the KSHV
genome. Total RNA from each sample was labeled using the
Eberwine labeling protocol, which results in Cy5 (or Cy3)-
labeled, linearly amplified cRNA that is hybridized to the tiling
microarray (20). Figure 2 shows a semiquantitative depiction
of the resulting hybridization profiles. For reference, the hy-
bridization pattern of uninduced BCBL-1 cells is shown (Fig.
2A). BCBL-1 is a latently infected B cell line derived from
primary effusion lymphoma (PEL) cells; such PEL lines have
been the backbone of most prior studies of latent KSHV gene
expression. However, they have substantial rates of spontane-
ous lytic reactivation (2 to 4%), and the resulting lytic infection
also releases substantially more virus than most other infected
cell types. As shown in Fig. 2A, uninduced BCBL-1 cells dis-
play an extensive pattern of transcripts emanating from many
regions of both strands of the viral genome. This pattern is
derived from lytically infected cells contaminating the prep
(Chandriani et al., submitted, and data not shown), illustrating

how difficult it is to identify latent genes in such a context. In
contrast, the hybridization pattern from SLK/rKSHV.219 (Fig.
2B) or HFF/rKSHV.219 (Fig. 2C) was much more restricted.
In both rKSHV-infected lines, in addition to clear expression
of the major latency locus (MLL; open reading frames [ORFs]
71 to 73), strong expression of the coding strand of ORF K1
and ORF4 is evident. Several additional active regions are
evident in SLK/rKSHV.219 cells but not HFF/rKSHV.219
cells; these regions map to the sense and antisense strands of
ORF K2 (the gene for v-IL-6). Conversely, hybridization to
oligonucleotides from ORF75 was detected in latently infected
HFF cells but not SLK/rKSHV.219 cells.

We did not detect a clear signal from ORF K15 in either
uninduced line. However, we note an important caveat in in-
terpreting this negative result: the tiling microarray employed
in this study was generated using the M-type KSHV sequence,
while the strains that were studied were P type. As there is
extensive sequence divergence between the M-type and P-type
strains in the region to the right of ORF75, which includes
K15, the absence of signal here is not conclusive evidence of
lack of K15 expression (26, 49). In fact, we observed poor
hybridization to K15 oligonucleotides even after induction (not

FIG. 2. KSHV transcriptome analysis during latent infection. KSHV tiling microarray data (ordered by genome position) are displayed for
13,746 unique probes. In each group of arrays (A, B, C), the color bar indicates the fold change relative to the level for the appropriate
mock-infected cells. (A) Viral gene expression analysis of uninfected BJAB and uninduced BCBL-1 cells. (B) Viral expression analysis of stably
infected SLK.219 cells and the parental SLK cells. (C) Viral expression analysis of stably infected HFF.219 and the parental HFF cells. The asterisk
indicates a series of neighboring probes that detect a transcript antisense to ORF K9 that is likely a spurious transcript (see text for details).
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shown), reaffirming that this divergence compromises our abil-
ity to detect K15 transcripts.

Finally, both lines display strong expression of an RNA
complementary to ORF K9, the coding region for v-IRF1, a
lytic protein involved in the inhibition of interferon induction.
This antisense hybridization signal is denoted by an asterisk in
Fig. 2. However, this transcript was not seen in latency in any
cell line (including SLK) infected with wild-type, PEL-derived
KSHV stocks. On closer inspection, we noted that the K9
region is directly adjacent to the puromycin/GFP/RFP inser-
tion in rKSHV.219; we infer that the K9 antisense transcript is
most likely an artifact of this insertion. Accordingly, we have
not characterized this transcript further.

It is noteworthy that SLK and HFF are not the only lines
displaying ORF K1-ORF4 RNAs in the absence of induction.
Such RNAs are also prominent in uninduced BCBL-1 cells
(Fig. 2) as well as in HUVEC and TIME endothelial cells by
24 h after infection with KSHV (Chandriani et al., submitted).
In all three cases, many other transcripts are also evident,
reflective of ongoing lytic reactivation, but importantly, in no
population of uninduced KSHV-infected cells are ORF K1-
ORF4 RNAs absent.

Limiting-dilution RT-PCR strategy for identifying latent
versus lytic RNAs. To confirm that the RNAs visualized in
SLK cells in Fig. 2 are indeed latently expressed, we examined
a subset of these RNAs in a different assay, based on limiting-
dilution RT-PCR. The principle of this assay is outlined in Fig.
3A. This principle relies on the fact that in latently infected
cells, only a small subpopulation of cells spontaneously enters
the lytic cycle. Accordingly, when such cells are serially diluted,
lytically infected cells are lost earlier in the dilution series than
are latently infected cells. Therefore, if RNA is prepared from
each dilution sample and examined by RT-PCR, signals from
known lytic RNAs should disappear at earlier dilutions than
signals from latent RNAs. Of course, such an assay can be
affected by several variables, such as the abundance of the
given RNA and the efficiency with which it can be amplified.
To make certain that we accurately identify lytic RNAs in this
analysis, we employed PCR primer sets for three different
genes (PAN, ORF K8/RAP, and ORF59). PAN is a particu-
larly useful marker of lytic cells because it is so abundantly
expressed (�105 copies/cell) (56); we also explicitly verified
that the PAN primers we selected were as efficient for PCR
amplification as those we chose for the LANA gene, the

FIG. 3. Detection of latent transcripts by use of serial cell dilution analysis. (A) Schematic of the method for evaluating latent viral gene
expression. Uninduced, KSHV-infected cultures often harbor a small subpopulation of spontaneously reactivated cells. When such cultures are
serially diluted, large dilutions are likely to generate some purely latently infected group of cells. qRT-PCR can be performed with each dilution
to detect lytic and latent genes. Therefore, the ability to detect lytically expressed genes in a dilution series will end before the ability to detect
latently expressed genes. (B) The 2-fold cell dilution series was generated on uninduced SLK.219 cells, ranging from dilution 1 (with approximately
1,500 cells) to dilution 10 (with approximately 3 cells). Six viral RNAs were analyzed by qRT-PCR with each dilution, and the results of the analysis
are presented as 40 minus the CT value. Three classic lytic genes are indicated by the blue curves. LANA, a known latently expressed gene, is
indicated by the blue curve. The remaining two genes (K1 and v-IL-6) are likely expressed during latent infection, as they are detectable in cell
dilutions in which lytic genes are not.
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canonical latency marker (see Fig. S1 in the supplemental
material). Each RT-PCR test was done using quantitative,
real-time PCR, and CT values were obtained for each sample
(see Materials and Methods).

Figure 3B shows the results of this experiment, which was
done with SLK/rKSHV.219 cells. As can be seen, quantitative
RT-PCR (qRT-PCR) signals from the PAN gene decay more
rapidly than those from LANA, disappearing by the 5th serial
2-fold dilution. The same is also true for the two other lytic
genes selected for examination, K8/RAP and ORF59. In con-
trast, amplicons from the K1 and K2/v-IL-6 regions displayed
the pattern expected for latent genes, similar to what was
found for the LANA control. These data corroborate the array
profiling data and reinforce the conclusion that, in these cells,
both transcripts are behaving as latent gene products.

To further explore the expression of these RNAs, we exam-
ined polyadenylated RNA from BCBL1 and iSLK.219 cells,
pre- and postinduction, by Northern blotting with strand-spe-
cific probes for ORF K1 (Fig. 4A) or ORF K2/v-IL-6 (Fig. 4B).
BCBL1 cells were induced with valproic acid. iSLK.219 cells
are SLK/rKSHV.219 cells that also harbor a doxycycline-induc-
ible RTA gene. (RTA is the KSHV transcription factor that is
responsible for the switch to lytic replication [42, 60].) As such,
lytic replication in these cells can be induced with doxycycline.
As can be seen, K1 transcripts were not clearly detectable prior
to induction in iSLK.219 cells but accumulated steadily postin-
duction (Fig. 4A), similar to what we had previously observed
in BCBL-1 cells (35). As expected from earlier expression
studies (30, 46), the same was true for v-IL-6 transcripts in
iSLK.219 (Fig. 4B) (and for RNAs antisense to v-IL-6) (Chan-
driani et al., submitted). In contrast, low levels of v-IL-6
mRNA were detectable in BCBL-1 cells preinduction, likely
due to the higher frequency of spontaneous lytic reactivation in
these cells. Thus, SLK/rKSHV.219 cells do not differ impor-
tantly from PEL cells or other latently infected cells in terms of
the levels of K1 and v-IL-6 transcripts in latency. Rather, they

differ primarily in their low background level of lytic reactiva-
tion, which allows the use of sensitive methods, like linear
amplification/array hybridization, to detect them without the
accompanying noise from lytic transcripts.

The fine structure of latent K1 mRNA. The 5� end of K1
mRNAs has been mapped by Bowser and colleagues (3); how-
ever, the rest of the mRNA has not been characterized. Be-
cause of the potential of ORF K1 to influence signaling in
latency, we considered it important to make certain that this
ORF was not disrupted by RNA splicing or editing. Accord-
ingly, we amplified cDNA from the coding region of ORF K1
from uninduced SLK/rKSHV.219 cells by RT-PCR with sev-
eral primer sets and sequenced the corresponding cDNA frag-
ments. This established that the entire coding region is un-
spliced and unedited. Because we could identify no canonical
poly(A) addition signal in the immediate 3� noncoding region
of ORF K1, and because numerous oligonucleotides from the
ORF4 locus were also recognized on the array (Fig. 2), we
wondered if this transcript proceeded into the downstream
ORF4 locus, which does harbor a poly(A) signal. To examine
the 3� portion of the transcript, we carried out a 3� RACE
analysis using an anchored oligo(dT) primer and an upstream
primer from within the K1 coding region. Sequencing of the
principal product of this reaction (Fig. 5B) revealed that this
RNA is spliced, from a 5� splice donor site just distal to the
UGA stop codon of K1 to a 3� splice acceptor in the distal
ORF4 gene; the resulting intron is a canonical one with
GT…AG termini. (This 3� splice acceptor site is also used for
intragenic splicing within ORF4 [58].) This experiment also
mapped the poly(A) addition site to position 2972, some 30 nt
3� to a noncanonical ACUAAA poly(A) addition signal. [Ac-
cording to prior mutational analyses, this variant poly(A) sig-
nal functions at ca. 10% efficiency relative to that of the
canonical AAUAAA signal (55), which may provide another
reason why this transcript is so nonabundant during infection.]
The fine structure of K1 mRNA is schematized in Fig. 5A. The
presence of some ORF4 sequences in this RNA likely accounts
for some of the ORF4 hybridization signal observed in Fig. 2.
However, we also note that in the K1 Northern blot shown in
Fig. 4A, a second, larger transcript is also observed; this species
could be a bicistronic RNA, bearing intact both K1 and ORF4
sequences, polyadenylated at this site. Certainly, such an RNA
could contribute as well to the ORF4 signal seen in Fig. 2.
However, because the ORF4 gene is 3� to K1 in such an RNA,
this is unlikely to generate ORF4 protein (a complement con-
trol protein [58]) in latency unless an internal ribosome entry
site (IRES) is located in the intergenic region.

DISCUSSION

These results settle a longstanding controversy concerning
whether the K1 and K2 (v-IL-6) genes can be expressed in
latency. We find ORF K1 to be expressed at low levels in
virtually all uninduced cell lines in culture. (It may be no
accident that latent expression of the K1 gene is so low level,
as overexpression of K1 has deleterious consequences for cell
biology, often being linked to growth deregulation and tumor
formation [18, 40].) Clearly, the viral IL-6 locus can also be
expressed at low levels in latency, but its expression in this
context is not invariant; for example, it is expressed in SLK but

FIG. 4. Northern analysis of K1 and v-IL-6. Poly(A)-enriched
RNAs from indicated cells were resolved by formaldehyde-agarose gel
electrophoresis, transferred to nylon membranes, and hybridized to
radioactively labeled riboprobes that detect K1 (A) and v-IL-6
(B) transcripts.
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is not detectable in uninduced HFF cells. Transcripts from
ORF75 display the converse pattern, on in HFF and off in
SLK. Our ability to unambiguously detect these RNAs in la-
tency is attributable to several factors. First, and most obvious,
is the development of cell lines with extremely low background
levels of spontaneous reactivation. Second, the use of linear
amplification prior to labeling and hybridization doubtlessly
increases the sensitivity of our microarray analysis over the
sensitivities of earlier studies based primarily on Northern
blotting of unamplified RNA. Finally, the limiting-dilution as-
say whose results are shown in Fig. 3 employs exponential
amplification by RT-PCR, making it extremely sensitive for
transcript detection; in this case, latent RNAs are distin-
guished from lytic ones by the removal of lytically infected cells
from the tested cell population by dilution.

Although both K1 and v-IL-6 mRNAs in latency are ex-
tremely nonabundant, their products are powerful signaling
molecules; even low-level expression is likely to be sufficient to
influence cell physiology. Given that KSHV is a lymphotropic
herpesvirus, it is interesting that these two genes both affect
signaling pathways of great importance to B cell biology. For
example, K1 protein bears a cytosolic ITAM motif and mimics
signaling through the B-cell receptor (BCR), activating ty-
rosine kinases Lyn and Syk, as well as PLC-gamma2 and vav,

but does not depend upon exogenous ligands to do so (36, 39).
The consequences of this signaling include activation of cyto-
solic calcium fluxes, phosphorylation of Akt, activation of AP-1
and NFAT transcription factors, and upregulation of numer-
ous cytokines, chemokines, and growth factors, including IL-1,
IL-8, Rantes, and vascular endothelial growth factor (VEGF)
(37). Such cytokines could contribute not only to the biology of
lymphatic infection by KSHV but also to the development of
Kaposi’s sarcoma, which is also characterized by an inflamma-
tory microenvironment (25). Moreover, the links between K1
expression, Akt activation, and VEGF production may have
direct relevance for KS generation, since it has been shown
that ectopic expression of K1 can substantially extend the sur-
vival of primary endothelial cells (65). In the same study, Wang
et al. (65) detected K1 protein expression (by immunohisto-
chemistry [IHC]) in some KS tumors that lacked late lytic
transcripts for ORF26, which is consistent with our finding that
K1 can be expressed in latency.

Our finding that K1 is expressed in latency may also help to
explain an earlier, seemingly paradoxical result reported by
Lee et al. (38). They observed that when K1-based constructs
were exogenously expressed in naïve BJAB cells, strong signal-
ing was observed but that when the same K1 constructs were
transfected into PEL cells, signaling (as judged by Ca2� tran-

FIG. 5. K1 transcript structure. (A) The K1 transcript structure is based on RT-PCR and 3� RACE analysis performed in this study and 5�
RACE analysis performed by Bowser et al. (3). (B) The nucleotide positions of important structural elements include the 5� nucleotide of the
transcript (nt 29), the splice donor site (nt 981), the splice acceptor site (nt 2625), the predicted poly(A) signal (nt 2937 to 2942), the site of
polyadenylation (nt 2972), and the coding region (nt 105 to 971). All coordinates are based on the KSHV genome sequence (GenBank accession
number U75698.1).
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sients or tyrosine phosphorylation) was greatly reduced. Since
PEL cells are tonically exposed to latent K1 expression, it is
likely that this result reflects desensitization of the signaling
pathway by prior, chronic K1 signaling.

Our analysis cannot determine whether K15 transcripts are
expressed in latency, because of the divergence between the
M-type sequences on the array and the P-type sequences in our
RNA samples. We note with interest that in the infected HFF
cell line, ORF75 transcripts were detected in uninduced cells;
since some K15 RNAs can read through into this region (26),
it is conceivable that this signal reflects latent K15 transcrip-
tion. However, definitive resolution of this question will re-
quire more experimentation with a redesigned array.

The expression of v-IL-6 in some latency contexts is also of
considerable interest. This protein is homologous to host IL-6,
a proinflammatory cytokine that is also a potent stimulator of
B cell survival and differentiation (34), but the two proteins
display some interesting differences. Human IL-6 acts via sig-
naling through a heterodimer of gp130 (the signaling subunit)
and p80, the high-affinity IL-6 binding subunit (34). In contrast,
v-IL-6 does not require the high-affinity p80 subunit, being able
to signal via interaction with gp130 alone (44). A second im-
portant difference is that v-IL-6 is very poorly secreted from
cells, being mostly retained in the endoplasmic reticulum of
expressing cells (13). So, unlike for cellular IL-6, which acts
efficiently in a paracrine manner, much of v-IL-6’s action ap-
pears to be autocrine. We speculate that latent expression of
v-IL-6 in KSHV’s B cell reservoir extends the survival of these
cells and promotes viral persistence in vivo. Consistent with
this, Chen et al. recently observed that PEL cells transduced
with shRNAs directed against v-IL-6 displayed reduced growth
rates and enhanced apoptosis (13). Such a result would not be
anticipated if v-IL-6 were solely a lytic gene, unless it had
residual paracrine activity. The findings of Chen et al. and our
finding that many latent cells can express the protein, taken
together, are most consistent with the idea that low-level v-IL-6
production in latency promotes cell-autonomous B cell survival
in PEL cells.

Our finding that v-IL-6 transcripts are not invariably associ-
ated with latency but are on in only some cell lines suggests
that in addition to a core latency program, KSHV may harbor
a repertoire of viral genes that are expressed only for selected
cell types or conditions. We are aware of two other observa-
tions with KSHV that are consistent with this idea. First,
v-IRF3, also called LANA-2, is expressed in PEL cells but not
latently infected KS spindle cells (51); we also failed to detect
it in latently infected SLK and HFF cells (Fig. 2). Second,
agonism of the Notch signaling pathway in latently infected
PEL cells can induce expression of selected viral genes in the
absence of lytic induction, effectively creating an expanded
repertoire of latency-like transcripts (8). Moreover, in EBV
infection, at least three different programs of latency are de-
scribed, each of which is characterized by expression of a dis-
tinct, though overlapping, set of latent transcripts. The idea
that latency has some plasticity, while not prominently empha-
sized at the textbook level, is entirely in keeping with what is
known about mammalian gene expression. After all, in latency,
the nuclear viral episome is transcribed primarily by the host
transcriptional machinery, like any other piece of host chro-
matin. It would be surprising indeed if a 165-kb segment of

chromatinized DNA could respond to different signals or en-
vironments in only one of two ways, i.e., by either expressing a
fixed subset of latency genes or turning on the entire lytic
program. Just how much plasticity the KSHV genome will
support is unknown, but the fact that significant differences
emerge even on analysis of a small set of cell lines suggests that
the virus’s capacity for variegation in latency may have been
substantially underestimated.
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